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ABSTRACT 

Y 

Experimental and analytical studies designed to determine the per- 

formance and reliability of indirectly-heated nickel matrix cathodes as 

electron sources in ion engines are described. Cathode performance has been 

evaluated invacuum diodes and in simulated ion engines operating on mercury. 

The quality assurance plan under which the cathodes were fabricated and tested 

has been described in an earlier report. The results of both the temperature 

cycling (simulated pulsed operation) and mercury lifetime (a. C. engine opera- 

tion)tests are pi-eae~ted. This program has shown the present heater geome- 

try to be unsatisfactory for the engine application. The problem of emission 

degradation of th is  type of cathode, observed at other facilities, is discussed. 

1. INTRODUCTION 

The incorporation of indirectly-heated nickel matrix cathodes, devel- 

oped under NAS8-858 and NAS8-2513, into the Lewis "E1ectro~ombardmentt1 

engine, and investigated at this facility under NAS8-1684, contributed signifi- 

cantly to the stability and reproducibility of the engine's performance over a 

series of short-term (- 5 hour) runs. 

these units in an arc environment have been documented in earlier project 

reports. A number of cathodes were also subjected without incident to th'e 

vibration schedule used in the SERT evaluation program. The total perform- 

ance of the geometry recorded in these earlier projects demonstrated that the 

cathode had capabilities compatible with the engine requirements. However, the 

number of cathodes tested, and the periods of controlled testing in ion engines 

had been relatively small at the time of completion of NAS8-2513. It was 

1 2 
3 

The performance characteristics of 

* 

*No vibration tests were conducted under NAS3-3563. 
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therefore decided by NASA and IPC that the next logical phase of cathode 

studies would be one in which the cathode design at its then present state 

of development (Fig. 1) would be tlfrozen. ” The program was designed to 

provide test data in sufficient quantity and quality to yield meaningful life- 

time and reliability figures. 
* 

As the cathode is an integral component of the ion engine, it was also 

logical that the structure of the tests be based upon future ion engine require- 

ments. Consequently, the cathode tests were based upon differing modes of 

operation that a r e  likely to be required in the near future: one characterized 

by frequent interrupted d. C. operation as encountered in stationkeeping 

’satellite programs while the other mode, continuous doc. operation, to pro- 

vide data for guidance in  evaluation of the cathode for the extended d . ~ .  

operation demanded for interplanetary missions. Considerations, mainly of 

cost, and of time, and of the possibility that too many variables might sub- 

merge a true evaluation of the cathodes, precluded actual ion engine opera- 

tion. Howeverp it was felt that the arc behavior of the cathode in both the 

continuous and the interrupted d. C. operation could be adequately analyzed 

in the arc  chambers of a multi-array of simulated 3 kW ion engines operating 

on mercury. Furthermore, the heater element, the most critical structural 

component of the cathode assembly, could be’ evaluated under accelerated 

temperature cycling conditions. 

shielded from the test environment, it was decided that any temperature 

cycling tests could be conducted in a vacuum environment. 

variables introduced by cathode fabrication processes and test data acqui- 

sition techniques would be minimized, a quality assurance program was 

an integral part ob the effort. 

Because the heater element is effectively 

To assure that 

*Concurrent wi th  NAS3-35 63, indirectly-heated nickel matrix cathodes have 
been studied in a program funded by IPC. One outcome of this program has 
been a heater element configuration that has demonstrated much greater 
reliability than the one currently in use. 

2 
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2. GENERAL TEST PHILOSOPHY 

This summary report describes the work performed during the 

period from May 17, 1963 to March 30, 1964. This contract was a con- 

tinuation of Contract NAS 8-2513. 
2 

The basic objective of this program was to determine performance 

figures (reliability, lifetime) for the indirectly-heated nickel matrix cathode 

.for two specific modes of operation: 

( I )  in the arc chambers o€ simulated 3 kW Lewis- 
type electron-bombardment engines; and 

(2) under accelerated temperature cycling schedules. 

To implement these studies a quality assurance plan was established 

during the first  month of the contract and adhered to throughout the program. 

The plan essentially formalized cathode fabrication and test procedures and 

is detailed in the manual. 4 

The work schedule for the test program is shown in Table 1 and was 

planned to provide for a five-month period of systems fabrication and check- 

out (Parts I-IV) and seven-months of tests (Parts V-VI). 
will be described in detail in Sections 3 and 4 but consisted basically of: 

(1) two hard-vacuum test systems, used for both the heater (cycled) life 

tests and final cathode conditioning and (2) the large mercury environment 

test system which consisted of 12 x 2.5 kW simulated engine configurations. 

This latter system was used for cathode testing under mercury vapor, field, 

and thermal conditions approximating those of the Lewis bombardment 

engine geometry. 

These systems 

5 
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As indicated in Part VII of Table 1, cathode fabrication continued OR 

a lot (24 cathodes each) basis throughout the first eight months of the pro- 

gram. Some 120 cathode assemblies were completed during this period for 

the several (6) test lots (A-F) in addition to the initial lot used for system 

check-out and evaluation (parametric studies). As shown in Table 2, the 

tests were planned to proceed with the following cathode distribution$ 

(V) Temperature Cycling Life Tests 1-3: Six cathodes from 

each of lots A and B, C and D, E and F to be grouped in test lots of 12 and 

each lot was to be subjected to at least 25,000 thermal cycles. 

(VI-a) Continuous Mercury Life Tests: Six cathodes from each of 

lots A m-d E, C. mi! D, E en6 E' t3 be grcqed in test lots of 12 a d  each 

lot subjected to at least 200 hours of simulated continuous mercury bom- 

bardment engine operation. 

(VI-b) Intermittent doc. Mercury Life Tests: Six cathodes from 

each of the 6 lots to be grouped in test lots of 12 and subjected to intermit- . 

tent d. C. mercury life tests for a period of at least 200 hours. 

(VI-c) Extended Mercury Life Tests: Two cathodes from each of 

the 6 lots to be subjected to an extended lifetime run. 

The parametric studies accomplished during the early part of the 

test program pointed up several difficulties implicit in the parallel opera- 

tion of 12 units in the mercury life test system. The temperature cycling 

tests, in turn, demonstrated a baeic weakness of the heater-insulator con- 

figuration to extended operation in this mode. As a result, only parts of 

the total planned work program (V and VI: a)  were completed in the ten- 

month effort. These reeults and the systems upon which they were taken 

will be described in the following sections. 

7 
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' 3. DESCRIPTION OF THE TEST SYSTEM 

3.1 HARD VACUUM CONDITIONING/HEATER TEST SYSTEM . 
TGo systems of identical design were constructed for the hard vac- 

One system in which the cathodes 

The twin system in which 

-6 u& (- 10 

were conditioned i b  pictured in Figs. 2 and 3. 

heater lifetime tests were conducted is shown in the foreground of the 

photograph in Fig. 4. 

torr) environmental tests. 

Easicdly, each system cmeieted t f  2 identical 304 etainless steel 

cylindrical test chambers, a central multi-port chamber, pumping devices 

and accessories, and the related power supplies and circuits. 

Each test  chamber, the measurements of which were 12 inches in 

length and 6 inches in diameter, contained a mounting structure in which 6 

cathodes and anodes were installed. 

the concentric cylindrical stainless steel anodes was 0.060 inch. 

The spacing between the cathodes and 

* 

Each test chamber was also equipped with a sight port. Through the 

port, temperature measurements of the cathodes could be made with the aid 

of an optical pyrometer. To allow temperature measurements to be taken 

during the periods when the anodee were in  position, each anode had a cen- 

trally located 1/8-inch diameter hole in  its surface. An important step in 

all anode installations was the alignment of these holes with pre-arranged 

sight paths. 

The multi-port chamber was basically a frcrossfl  constructed of alumi- 

num a.nd contained four 6-inch diameter ports. Two ports supported the 

cathode-anode mounting structure8 and the stainleee test chambers already 

described. The third port eerved as an entrance area for the various power 

9 
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cables. 

tained a thermocouple gauge and an ionization gauge. 

The fourth port led to the pumping system. The chamber also con- 

A &inch diameter oil diffusion pump, a freon-refrigerated "ballast- 

type" baffle, both products of National Research Corporation, and a Kinney 

mechanical pump comprised the main portion of the pumping system. Also 

included in the pumping system were 2 electrically operated vacuum sole- 

noids. One solenoid was placed between the diffusion pump and the roughing 

?u.mp, and the other between the roughing pump and the atmosphere. In the 

event of a power failure, the former would and maintain the vacuum 

in the test chamber while the latter would "open" and allow the roughing 

pump to vent to the atmosphere. In addition, all the power supplies includ- 

ing those that energized the solenoids were routed through holding relays 

that, once broken, required manual resetting. These edety ieatures were 

also incorporated into the mercury test system which is discussed in the 

following section. 

A schematic of the electrical test circuit for both systems is shown 

in Fig. 5 . .  

3.2 ME.RCURY LIFETIME TEST SYSTEM (12 MODULE) 

The first objective of this contract was to evaluate cathodes in the 

The arc  chambers of simulated Lewis lgElectron-Bombardmentll engines. 

NASA electron-bombardment engine was first tested by Kaufman at theNASA 

Lewis Research Center. Opeqating characteristics of engines of this type 

(commonly called lllow current deneityVg engine or LCD engine) have been 

investigated at this facility under Contract "8-1 684. 

5 

3 

The basis of the engine is'an axially confined discharge which pro- 

duces a plasma composed of the propellant ions and electrons. These ions are  

focused into a beam at the screen or beam 

electrostatically accelerated to the correct 

forming 

s pe cific 

electrode and are then 

impulse, producing the 

13 ' 
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desired thrust. The beam is subsequently decelerated by a small potential 

such that a barrier is presented near the last electrode to neutralization 

electrons which are  injected just beyond the final electrode of the engine. 

The engine configuration i e  shown i n  Fig. 6. 

In the deeign of the simulated ion engine (Fig. 7), the beam forming 

The electromagnet was electrodes and the mercury boiler were omitted. 

replaced by 4 symmetrically placed permanent magnets and the power 

requirements of the normal configuration therefore avoided. 

provided a suitable magnetic field for increasing the effective electron path 

length in the arc  chamber, hence increasing the ionization probability. The 

field is of sufficient strength to bias the electrons beyond magnetron cut-off 

so that electrons a re  confined to circular orbits of a diameter less  than the 

anode radius. M y  electrons that have suifered a coiiision with a residual 

gas atom' or  ions will have their orbits perturbed sufficiently so that they 

can reach the anode. 

The magnets 

The 2 peripheral heat shields have 2 functions. They are  instrumen- 

tal in allowing the anode to sustain temperatures (- 450°C) reached in actual 

engine operation and they also aid in minimizing plasma coupling between 

individual ''engines. I t  The arrangement of the 12 engines is shown in Fig. 8. 

Before this arrangement was approved, a wooden mock-up of the pro- 

posed support plate was constructed With accommodation for variable loca- 

tion of the permanent magnets. The resulting field distributions were then 

mapped over the cathode and accelerator electrode planes. It was found that 

the magnets could be arranged in such a manner that each "engine" cathode 

would be subjected to the same axial magnetic flux density at its surface. 

That figure is approximately 25 gauss and is of sufficient strength to confine 

emitted electrons from the cathode surface to circular orbits of a diameter 

less than the radius (3.7 cm)of the anode at an operating potential of 50 volts. 

' 15 
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FRONT VIEW 

SIDE VIEW 

FIG.  7 VIEWS O F  THE SIMULATED L O W  CURRENT DENSITY 
1-727 ION ENGINE 
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The test chamber as  shown in Fig. 8 was fabricated from 304 stain- 

The less steel and measures 24 inches in diameter and 12  inches in depth. 

4 inner tabs serve as  mounting plates to which the support plate is fastened. 

Figures 9 and 10 show the designs of the 2 main flanges, both of which were 

also fabricated from 304 stainless steel. The 12 Edwards vacuum rotary 

seals which are installed in the rear  end plate permit probe access to each 

arc chamber. Each sight port on the front access plate is coaxial with an 

opposing cathode. Several feedthrough ports were available both at the 

sides and top of the chamber, 

The pumping system consisted of a special freon-cooled.baffle (whose 

walls could also be controlled with a dry ice/acetone system) and a 4-inch 

diameter mercury diffusion pump A dry ice-cooled trap was used in the 

foreline to prevent contamination of the forepump. 

The conventional propellant feed system for the LCD engines investi- 

gated at  this  facility consisted of a boiler, flow regulator, feed tube and pro- 

pellant diffuser (see Fig. 6) .  A fixed mercury vapor pressure was produced 

in the boiler by thermal control. The conductance of the flow regulator, 

consisting of a small ( - 0.008 inch ) orifice, determined the flow rate of 

mercury vapor through the feed tube and into the arc  chamber. Inside 

the arc  chamber, the propellant distributor modifies the vapor flow such that 

for each propellant atom at least one collisionwith awallmust occur before 

exit. 

The initial configuration by which the foregoing propellant feed system 

was to be simulated for the mercury life tests is illustrated by the block 

diagram of Fig, 11. The mercuryvapor flow rate was to be controlled by the 

temperatures of the gravity-fedmercury boiler and the freon-cooled mercury 

baffle and by adjustments of the stainless steel valve which controlledthe 

mercury level in the boiler reservoir. The water-cooled front panel had 

several purposes. First, mercury vapor and ions accelerated from the arc 

18 
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could be reflected from its surface back into each arc chamber and second, 

it served as a primary shield for the sight port windows. Since it was to be 

the coolest surface in the system, i t  would control the inventory of mercury 

(and hence vapor pressure) in the system throughout each run. 

After testing began, it became necessary to modify the system to 

that shown by the block diagram of Fig. 12. It was found that once arc =opera- 

tion commenced and arc  chamber temperatures reached the range of 400 to 

5OO0C, the chambers had a tendency-to pump-out and to expel both ionized 

and neutral mercury atoms. This naturally lead to very unstable arc opera- 

tion due to the large reversed pressure gradients existing across the aper- 

tures to each engine system. To overcome this phenomenon, it was necessary 

to create a condition in which mercury vapor was fed to each chamber from 

the cooled shroud such that a ready supply of vapor at  elevated pressure was 

available for sustenance of the arc. This wae done by lowering and control- 

ling the temperature of the cold wall, thus producing an excess amount of 

condensed mercury on the shield panel surface which was available to each 

arc chamber. 

The conductance of the original feed system into the test chamber 

proved to be inadequate. The by-pass line containing the boiler, reservoir, 

. valve, and heated connection lines were ultimately removed. Mercury was 

This was supplied directly from the boiler of the mercury diffusion pump. 

accomplished by reducing the flow of freon to the mercury baffle once the 

major outgassing (pumpdown) of the test system had been completed. Effec- 

tively unbaffled, the ultimate mercury vapor pressure in the chamber would 

reach 1 x 10 torr. To serve as an auxiliary source during start-up, a 

mercury boiler was attached to the cold panel. 

-3 

The temperature of this panel wae controlled in the following manner: 

i t6 temperature was sensed by a thermocouple welded to its surface. Its 

output was used by a tlpyrotrollerlt temperature control unit which was 

23 
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programmed such that the temperature was maintained within a narrow 

(* 2°C) range through control of an immersed heater element in the reservoir 

of the heat exchanger.used in the panel coolant loop. Both the refrigeration 

unit and the water pump of the exchanger were in constant operation. The 

temperature of the boiler could also be controlled in the same manner. How- 

ever, its lower temperature limit was governed by the cold panel since it 

was attached directly to that surface and shielded from radiative heating by 

the engine units themselves. 

In addition to the sensing thermocouples on the cold panel and the 

boiler, other thermocouples were placed throughout the system, such as on 

the engine heat shields and the internally mounted support plate. The partial 

pressure of n ~ n ~ o ~ d ~ ~ i ~ i b l e  gases was meas=xed by an externally located 

trapped ion gauge. Previously, attempts had been made to measure the mer- 

cury vapor pressure inside the chamber with the aid of a nude ion gauge. 

However, the lifetime of the exposed gauge was severely reduced due to 

attack by the mercury atmosphere. 

The schematic of the electrical test circuit for the mercury lifetests 

is sh0wn.b  Fig. 13. 

branches could be removed without affecting the remaining portion of the 

circuit. In one anode branch, the 2-ohm surge resistor was parallel with 

a 25-ohm resistor and a d.c. milliampere current recorder in series, thus 

permitting a constant record of arc performance. 

The circuit was so wired that any cathode o r  anode 

25 
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4, PROCEDURES 

4.1 FABRICATION TECHNIQUES 

The procedures by which the indirectly-heated nickel matrix cathodes 

were fabricated are set forth in the manual. In brief, the cathodes. were 

fabricated in  the following manner. 

4 

A mix containing carbonyl nickel powder (89% by weight), barium and 

strontium carbonates (10% by weight) and zirconium hydride, (1% by weight) 

'was first tumbled for several daye, The p w d e r  mm next placed into surgical 

latex tubing and compacted into cylindrical slugs through isostatic pressing 

at a pressure of 30,000 psi. The slugs were then sintered in a hydrogen 

atmosphere. The sintering schedule in its entirety is shown in Appendix A. 

The results of machining, heater insertion, and final assembly, which were 

then accomplished under I1cleantt conditions, are illustrated in Fig. 14. 

Although the Quality Control manual already mentioned formalized the 

basic fabrication techniques, the primary purpose of the quality control pro- 

gramwith respect to cathode fabricationwas to institute and maintain adequate 

process safeguards. The executions of these safeguards which covered han- 

dling, pressing, and machining techniques and involved numerous inspection 

points, ensured that all the cathodes produced under the plan would be 

"identical" in configuration and in material composition. 

An example of the manner iqwhich Quality Assurance was pursued is 

provided by the data in  Tables 3, 4, and 5. These records were maintained 

for each of the cathode lots. 

As originally scheduled (Table 1) the fabrication of a lot was expected 

to require an average period of 2 weeks. However, the execution of the Quality 

Control Plan and the inevitable rework necessitated by it more than doubled 
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this figure. 

the many operations and subsequent expenditures of time required in the 

fabrication of one lot as detailed in Table 6. 

An appreciation of the effort involved can be gained by noting 

That only 5 of the 7 scheduled lots were completed at the program's 

end could only be partly attributed to the increased fabrication time. Serious 

delays were encountered in the manufacture and delivery of the filamint used 

in the cathode heater element. The filaments, which were formed by a local 

supplier were initially delivered a month and a half late. Incoming inspection 

showed that the filaments were not made to specifications. Thirty-two threads 

per inch of wire were formed instead of the twenty-four threads per inch that 

were called out in the drawing (Fig. 15). In addition, the coaxial legs  were 

bent to such an extent that "as is" a filament could not be axially mounted in a 

cathode. The shipment, with the exception of 24 filaments, was  returned 

to the vendor. The legs of the 24 were straightened in-house and inserted 

into the cathodes of the parametric study. The supplier finally completed the 

order by purchasing new wire and forming it to the proper specifications. 

This required an additional 2 months. Consequently, the fabrication of the 

first test lot was not completed until two months after the date originally 

scheduled. 

I 

4.2 CONDITIONING SCHEDULE 

The conditioning of the nickel matrix cathodes was terminated by ail 

evaluation of the operating characteristics of the cathodes in a hard vacuirii I 

( I O w 6  torr)  under controlled conditions. The purpose of the evaluation was 

to determine how similar or dissimilar, as the case may be, cathodes of a 

test lot were to each other or to cathodes of another test lot. 

Conditioning was conducted in the Conditioning Test System which is 

described in Section 3.1. One-half of a test lot (12 cathodes)were processed 

simultaneously. In the The conditioning schedule was divided into 3 parts. 
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Table 6 Effort Involved in Fabricating One Test Lot 

6 
7 

8 

9 
10 
11 
12 
13 

14 
15. 
16 

17 
18 
19 
20 
21 

Task - 

22 
23 

24 
25 
26 
27 

28 

29 

Hours to 
Description of Task Operator Complete 

Sterilize powder tontainers and measuring utensils 
Weigh powders, mix, clean area, set tumbling 
Form (28) latex tube containers 
Sterilize tubes, stoppers and powder containers 
Distribute tumbled powders equally into (28) powder 
containers, clean area 
Pack (28) tubes, number, clean area 
Prepare pressing area and apparatus, press (28) 
slugs, clean area 
Strip, mark and weigh (28)slugs 
Sinter (28) slugs 
Radiograph (28) slugs 
Weigh (28) slugs 
Machine (28) slugs to solid cylinders, inspect 
Machine (24) cylinders to canisters, 
screws to threaded hole, inspect 
Weigh (24) cathodes 
Calculate densities of (24) cathodes 
Measure filament resistance and align in cath- 
ode (24) 
Pack aluminum nitride powder into (24) cathodes 
Radiograph (24) cathodes 
Form (24) latex tube containers 
Crimp filament to screw (24) 
Prepare pressing area and apparatus, press (24) 
units, clean a rea  
Strip and measure resistance 
Machine to final dimensions (24) and match to holder 
inspect 
Crimp filament to lead (24) and measure resistance 
Press cathode to mount and weld 
Measure resistance (24) 
Radiograph finished cathodes (24) 

match 

Supe rvision j Supervision 

TOTAL 

rechnician 
I t  

t l  

11 . 
II 

I t  

I t  

11 

II 

1 1  

1 1  

lachinis t 
t I  

'echnician 
I 1  

II 

I 1  

I 1  

11 

11 

I 1  

II 

Machinist 

T ec hniciaz 
Machinis t 
rechnician 

I t  

?roject 
,eader 
auality 
Jontr ol 
bff ice r 
IME--- 

1 
2 
1.5 
1.5 
3.5 

22 

6 
3 
4 
3 
1 

28 
25 

1 
1 
3 

12 
3 
1.5 
0.5 

5.5 
2 

21 

2 
5 
1 
3 

10 

20 

F 
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first part, the cathodes were gradually brought to temperatures above 1000°C, 

held there for one hour, and then returned to ambient temperatures, and sub- 

sequently, opened to the atmosphere. The object of this phase was to ensure 

that the alkaline-earth carbonates were  completely reduced to their oxides. 

The major outgassing of all cathode components was also accomplished. The 

second part  is similar to the first in that the cathodes were again brought to 

temperature8 above 1000'C. However, the cathodes were now enclosed by 

cylindrical anodes. At the elevated temperatures, the emission character- 

istics of each cathode were meaeured. After these measurements were taken, 

the 12 diodes were run in parallel at a fixed d. C. potential for approximately 

16 hours. At the close of this period, the third part began and it consisted 

mainly of emission characteristic measurements at various temperatures. 

The conditioning echedde in its errtirety is ehawn in Appedix E. 

The results of all the conditioning tests showed that: 

there was no significant difference between any of the cathodes 
tested with r e  spec t to heater characteristics; 

for any given cathode surface temperature, each cathode would 
require essentially the same heater power; i. e. , no significant 
variation in insulator conductivity o r  surface emissivity; 

the initial outgassing operation effectively removed or eliminated 
the great bulk of occluded gases. The second heat-up exhibited 
only slight evidence of outgassing; and 

within any particular lot, cathode emission behavior was essen- 
tially uniform. However, when all the lots were compared, it 
could be seen that the emiseion characteristics varied from lot 
to lot (Fig. 16). Although this behavior first suggested a fabri- 
cation problem, possibly in sintering, the fact that the level of 
emission also droppedwith the order in which the lots were tested 
indicates that the problem may be one connected with the condi- 
tioning schedule or system. Early in the program, some diffi- 
culty was experienced with oil backstreaming. This happened 
before any of the test lots were conditioned. A refrigerated 
baffle was installed in  order to eliminate this backstreaming. 
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It is now questionable whether or not this arrangement was effec- 
tive. There is an indication, which is unsGbstantiated, that emis- 
sion is greater in a cathode that has been conditioned in a system 
that employs a mercury diffusion pump. In any event, these 
variations (in effective work function of the emitter) appear to be 
eliminated dth ion bombardment conditioning of the surface and 
hence may be just  confined to vacuum operation. 

As will' be noted in Section 6, the arc behavior of the cathodes ievealed 

no significant differences. 
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5. HEATER LIFETIME TESTS 

5.1 EXPERIMENTAL RESULTS 

The purpose of the heater lifetime tests was  to determine the relia- 

bility of the cathode filament through temperature cycling tests conducted 

under accelerated conditione in a hard vacuum ( environment. Thirty- 

six cathodes, selected from the 6 test lots and grouped in lots of 12, were 

to be temperature cycled in 3 separate but identical tests as detailed in 

Tables I. and 2. 

is described in Section 3. 1. 

The tests were conducted in the heater test system which 

The outline of the test was as follows. The test system was first 

brought into the 

were then stabilized at 1000°C and the control variac for each heater power 

supply was "locked. Next, an automatically-cycled circuit breaker in the 

torr  region. The temperatures of the 12 cathodes 

power supply line was activated (Fig. 5 ) .  

a continuous 4-minute power cycle: 2 1/2 minutes with power off, 1 1/2 

The device was programmed for 

minutes with full power on. The time position of the power cycle was then 

adjusted until the beginning, and consequently the end, of each cycle coin- 

cided with a cathode temperature of approximately 900°C. 

stant power was simultaneouely removed from each cathode heater, the sur- 

faces of the cathodes were at  900'C. 

temperatures of the cathodes slowly decreased until at  the end of the 2 1/2 

minute period, temperatures of about 500°C were reached which corre- 

sponded to a "standby" condition for which only 15% of the operating power 

is required. Simultaneously, to each heater and within 1 1/2 minutes, the 

temperatures rose to 900°C at which point the cycle was repeated. 

Thus, at the in- 

During this phase of the cycle, the 

The test 
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was  to continue in this manner for approximately 2 1/2 months in which 

time a possible total of 25, 000 temperature cycles per cathode could be 

achieved. 

Only one of the 3 scheduled tests was initiated and completed. Test 

lots were not available until January for reasons already discussed, 

On January 3, 12 cathodes, 6 from lot A and 6 from lot B, were 

placed in cyclic operation. On February 24, the test was interrupted by 

the failure of the automatic circuit breaker. During the period while a re-  

placement was enroute, unrepairable cathode heater failures were replaced 

by cathodes from lots C and D. Structural defects that caused the failure of 

several other cathodes were corrected, and the cathodes were returned to 

the test. 

until it was terminated on March 30. 

The test resumed on February 28 and continued without incident 

The summation of the test results is listed in Table 7 and is shown 

graphically in Fig. 17. 

test. 

termination of the test. 

ures which were repairable. These were Class 1 failures. The final cathode 

assembly step o r  stage involved welding the nickel extension lead to the metal 

portion of the ceramic insulator (Fig. 14). In the case of the three Class 1 

failures, this weld broke under repeated temperature cycling. This condi- 

tion for both these cathode8 and those following in fabrication, was corrected 

by increasing the power applied during welding and increasing the contact 

surface area of the weld. 

cathodes wereput into operation in test E). A s  noted in Table 4, the test let- 

ters  respectively signify the test periods before and after the system mal- 

function and the subsequent interruption. 

It is seen that 18 cathodes were employed in the 

Of this number 14 experienced catastrophic filament failure before 

Three cathodes also experienced mechanical fail- 

As all 3 had failed in test A, once repaired, the 
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Eight cathodes were  Class 2 failures in which the cause of failure 

was a burned-out filament. The means by which the filaments burned-out 

involved three sequential and interdependent structural changes, namely: 

(1) At some point of time in the cycling test, the aluminum nitride 
powder in the immediate vicinity of the filament began to 
sinter .- going from a compressible powder-like state to that of 
a ceramic state. 

During each cycle the coils of the filament expanded and 
contracted within the sintered nitride. 
powder was thoroughly sintered into a hard ceramic form, the 
coils were able to move with little hindrance-through the pow- 
dered mass. Also, during the cycling the spacing between in- 
dividual coils remained fairly constant. However, as  the pow- 
der began to sinter, rigid ceramic ridges began to form between 
some of the mile. Ae these ridgee widen, the epacirrg between 
coils became correspondingly smaller. 

As the ceramic ridges were forming, less and less of the fila- 
ment's surface was coming in contact with the aluminum nitride. 
Thus, the filament temperature increased, and, in turn, each 
coil attempted to traver-se a larger distance 

(2) 
Before the insulating 

(3) 

Eventually, during the cycling, two or more coils would come in 

Then, contact with one another, and in some cases would fuse together. 

the subsequent reduction in series resistance at a fixed voltage drop would 

raise the filament current which, in turn, increased the filament tempera- 

ture. 

For  most of the "onts phase of the cycle, 10 amperes at 6 volts were 

passed through the heater units of the cathodes. However, for the first few 

seconds, the filaments were  subjected to currents of 13.5 amperes at 6. 5 

volts. 

higher than normal temperature, burned-out under the increased current 

load. Radiographs of several of these failures a re  shown in Fig. 18. The 

burnouts. always occur just above the first coil as this was the hottest area. 

It was most likely that during this period the filaments,already at  a 

Six cathodes were Class 3 failures. Like the previous class, the 

However, there the similarity ended. failures involved opened filamente. 

43 



1-745 

CATHODE No, 18C CATHODE No. 178 

CATHODE No. 21C 

FIG.  18 RADIOGRAPHS O F  THREE CLASS I1 TEMPERATURE 
C Y C L I N G  TEST FAILURES 
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The breaks were caused by fractures and not by burnouts, 

several of these failures are shown in Fig. 19. 

is little distortion in the coils and that each break is at or  above the first 

coil. Although both coaxial legs were subjected to the same stresses in fab- 

rication, the upper was  in a higher temperature regime, hence, experienced 

greater thermal stresses. The attachment to the nickel extension lead also 

imposed a stress burden on the upper leg. 

Radiographs of 

It can be noticed that there 

Neither Class 2 nor Class 3 failures were gradual with respect to ex- 

terior operating conditions. 

cathode remained substantially unchanged throughout the test. 

Temperatures and power measurements for each 

5.2 CONCLUSION 

From Table 4 it is shown that the cathodes accumulated a mean total 

of 200, 000 temperature cycles. 

reliability analysis was made of the manner by which this total was reached. 

The results of this analysis are illustrated in Fig. 20. 

levels of confidence and reliability are predicted for numbers of temperature 

cycles up to a figure of 5000 cycles. Thus, for example, the tests democ- 

strated that for 50% of the time it would be possible that out of 1000 cathodes 

placed in cyclic operation 980 could perform 5000 cycles without failure. 

Under the same conditions but at a 9570 confidence level, only 916 cathodes 

would reach 5000 cycles without failure. Even at a reduced mission life of 

1000 cycles, the percentage of failures at high confidence levels would ex- 

ceed 1%. Hence, the indications are  that from a statistical standpoint the 

cathode, with the present heater design, would be too unreliable for any type 

of ion engine operation. Furthermore, it has become increasingly more 

evident that the intrinsic faults of any heater design, based upon a filament 

embedded in another material, are such that it is believed that no amount 

of modification will increase the reliability figures of this type of unit to ac- 

ceptable levels. 

Using an authoritative source, a statistical 

The curves show what 
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CATHODE No. 15B CATHODE No. 16B 

CATHODE No. 21A 

FIG.  19 RADIOGRAPHS OF THREE CLASS I11 TEMPERATURE 
CY CLING TEST FAILURES 
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6. MERCURY LIFE TESTS 

6 . 1  EXPERIMENTAL RESULTS 

The purpose of the mercury life tests was to evaluate the emitting 

characteristics of the nickel matrix cathodes in the mercury a rc  environ- 

ments of 12 simulated electron-bombardment-type ion engines. The tests 

that the cathodes were to participate in were basically of two types. 

iirst type was the continuous d.r,cperation test. 

at  temperatures of about 950'C were to simultaneously sustain 12 individual 

mercury arcs for extended periods. Arcs operating at a 4-ampere emis- 

sion level at potentials of 50 volts were to be maintained for 200 hours for 

3 runs, and for 2000 hours for a fourth run. 

the interrupted d.c. operation test. 

were to simultaneously sustain 12 individual mercury arcs. However, dur- 

ing each normal working day, the a rcs  were to be extinguished and the cath- 

odes were to be cycled from operating temperature to ambient temperature 

The 

In thie test, 12 cathodes 

The second type of test was 

A s  in the previous tests, 12 cathodes 

and back to operating temperature. This was to happen three times per day. 

These tests4 which numbered three, were to be terminated when a total of 

200-arc hours per cathode were accumulated. The proposed test schedule 

and the selection of test cathodes are detailed in Tables 1 and 2. 

The lifetime tests were never conducted in an entirely satisfactory 

manner due to a number of system difficulties revealed in the parametric 

studies. Initially, cathode fabrication problems and late delivery of the 

mercury test system parts delayed the start of the parametric studies by 

3 1/2 months. The studies were intended to serve as a means for deter- 

mining operating procedures and also to uncover any system conditions that 
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required modifications. 

than a month's effort and were to involve 12 cathodes. In fact, the studies 

covered a period of 3 1/2 months, and some 49 cathodes were employed in 

the experiments, 

studies did require more effort than was initially anticipated. A number of 

modifications had to be made before an adequate delineation of the eiviron- 

mental test conditions could be acquired. Chief among them was a complete 

revision of the mercury feed system, the details of which have been dis- 

cussed in Section 3. 2. 

were also considerably increased by vacuum problems. 

high interior wall temperatures caused considerable outgassing of the Edwards 

vacuum rotary seals. The resulting hydrocarbon vapor contaminated the 

cathodes under test. This condition was corrected by adding additional ex- 

terior cooling coils and by a thorough cleaning of the seals. Vacuum leaks 

also caused several tests to be abruptly halted. During two tests, an elec- 

trical feedthrough broke breaking the vacuum, while during two other tests, 

welds in the water shield fractured also breaking the vacuum. 

studies were concluded, 12 new cathodes were placed in a rc  operation. How- 

ever, va.cuum leaks were again responsible for an early test termination. 

Moreover, the leaks could not be repaired so that entirely satisfactory con- 

tinuous operation of the system was not accomplished for a period of more 

than 100 hours. 

As scheduled, the studies were to require less 

A good portion of the delay was due to the fact that the 

The time involved and the number of test cathodes 

In an early test, 

Once the 

While the specifications of the mercury life tests were not completely 

fulfilled, 7000 hours of mercury arc  operation accomplished by 61 cathodes 

generated a number of results namely: 

Each of the 61 cathodes operated for an extended period in the 
low-voltage mercury discharge. In general, a dc. potential of 
between 15 and 20 volts applied simultaneously to the 12 cath- 
odes was required to initiate mercury arcs  as  in normal engine 
operation. Ignition of the 12 arcs  was accomplished within a 
minute of startup and was random with respect to the order in 
which the "engines"' were activated. 



At approximately the game temperatures and at any one given 
time, the difference between the maximum and minimum arc  
currents being sustained by the 12 cathodes was always less  
than 10% of the maximum arc current present. 
noted that the variance between cathode heater powers for any 
given temperature was negligible. The normal operating cath- 
ode temperature was 95OOC. In the beginning when the cathodes 
were  installed in the central support plate, heater powers of 90 
watts and greater were needed to maintain the correct tempera- 
ture level. The mounting arrangement was modified to that as 
shown in Fig. 21. This brought the heater power down to an 
average level of 60 watts (9. 5 amperes at 6.2 volts). 

It was  also 

(3) The arcs  always acted in a collective manner. 
together would increase and decrease by the same amounts. At 
first this action was  thought to be caused by plasma coupling be- 
tween individcsl engines. 
coiipling did exist. Each engihe was then electrostatically iso- 
lated from its neighbor by extending each outer heat shield until 
they were  in contact with the surface of the cryopanel. Stainless 
steel mesh was used for the extension material. Arc operation 
after the modification was effected showed that the arcs still 
acted as a group. 

No a rc  current decay that could be attributed to emitter degra- 
dation was ever noted. As discussed above, the arcs acted in 
unison. If the a rc  current of one cathode decreased from a 5 -  
ampere operating level, its performance was  normally duplicated 
by the other cathodes. 
198 hours at  an average arc current of 2 amperes at  25 volts. 

The currents 

Investigation showed that plasma 

(4) 

The longest continuous a rc  run lasted for 

Besides the data accrued in the mercury a rc  environments, post-run, 

hard vacuum emission tests were conducted on several of the cathodes that 

had sustained mercury arcs for periode of 50 to 100 hours. 

were compared with the original conditioning data and are shown in Fig. 22. 

It is significant that the indication is that the emitting properties have been 

enhanced somewhat through a r c  operation. 

The results 
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FIG. 21 VIEW O F  A CATHODE INSTALLED IN THE MOUNTING P L A T E  
OF A SIMULATED LOW CURRENT DENSITY ION ENGINE 
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6 . 2  CONCLUSIONS 

The coiled heater configuration is considered unsatisfactory 
for a cathode used ion engine applications. 

The impregnated nickel matrix is compatible in all respects 
with operation in a Kaufman-type bombardment thrustor fed 
with mercury vapor although, as of yet, thousands of hoyrs of 
operation with this type of cathode has not been realized in an 
engine. 

The sputtering losses of the cathode at  50 volts a r c  drop in the 
simulated engine a re  negligible and are compatible with at  least 
one year's continuous operation in such an environment. 

The monolithic heater geometry developed during the course of 
this effort under IPC support can lead to a cathode unit capable 
of the high reliability and confidence demanded by the applica- 
tion. 

The present cathode mix, fabrication, and machining techniques 
a re  considered to be sufficiently well controlled and reproduc- 
ible to serve as a "standard" matrix for further development 
work. 
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7 .  SUMMARY CONCLUSIONS 

The objectives of the program were only met in part. Reliacility 

These and confidence figures were obtained for the heater element. 

figures, and the failure analyeis, necessitate the judgment that the pres- 

ent heater unit is unsuitable for ion engine applications. The lack of ade- 

quate mercury pressure control precluded proper environmental conditions 

under which the mode of existence and the mechanics of a rc  current decay 

could be evaiuated. 

some phase of the fabrication process, possibly sintering, or the mechan- 

ics of conditioning, emission in a hard vacuum environment varied from 

lot to lot. 

It was also definitely established that through either 

Further cathode work should be centered in the following areas: 

(3) 

In the last few years, the advance of high temperature mate- 
rials has been considerably stepped up. An extensive survey 
of this field should be made in the search for more reliable 
and efficient cathode heater devices. At this facility, under a 
company-financed cathode program, such an investigation has 
resulted in the development of a heater element which shows 
great potential. 

An efficient mercury feed system which wil l  enable the multi- 
engine array to function properly should be vigorously sought. 
Such an effort would continue to be consistent with the overall 
engine program, part of which is now concerned with actual 
engine cluster operations. 

A program should be initiated which wil l  correlate the emitting 
characteristics of the nickel matrix cathodes in vacuum with 
those in a controlled mercury environment. 
include a number of material, configurational, and process 
variations. 
sponsored cathode program indicate that the products of such 
variations could be individually matched to specific missions. 

A report on this unit will  be soon forthcoming. 

The program would 

The results to date of the aforementioned company- 
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(4) Surface inspection of those nickel matrix cathodes which oper- 
ated continuously in the mercury environment revealed no 
deleterious sputtering effects on the emitter itself. Material 
lose from thie cause would appear to be comparable to subli- 
mation weight losses of the emission chemicals themselves 
under operation at 50 volts; i, e., no measurable weight loss 
was incurred in samples running continuously at 2 amperes 
and 50 volts in Hg for periods of 140 hours. 
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APPENDIX A 

CATHODE LIFETIME STUDIES - NAS 3-3563 
SINTERING PROCEDURE 

New Ehgland Metallurgical Corporation, 475 Dorchester Avenue, 

South Boston 37, Massachusetts, will supply the sintering furnace, operator, 

and the furnace chart recording the time and temperature of the heat treat  

cycle. 

Ion 

technician. 

1. 

2. 

3. 

4. 

5. 

6. 

Physics Corporation will supply material, nickel tray, and 

Parts will be placed in a nickel tray by the IPC technician. 

The entrance dew point of hydrogen into' a pusher-type 
hydrogen furnace shall be -60°F or  better. 

The firing tray will be placed in the pre-heat at 400°F 
*25"F and held for 30 minutes. 

Firing tray will then be placed in the heating chamber at 
2010°F * l O " F  and held for 60 minutes. 

Firing tray will then be placed in a water-jacketed hydro- 
gen atmosphere cooling chamber whose temperature will 
be lees than 120.F and cooled to below 150°F in 30minutes. 

Firing tray will then be removed from the cooling chamber 
and inspected by IPC technician. 
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APPENDIX B 

CATHODE LIFETIME STUDIES - NAS3-3563 
CONDITIONING SCHEDULE 

General Comments 

Before any tests are begun, the test operator must have a complete 

understanding of the test procedures. 

project leader to explain the procedures to the test operator. 

tests a copy of this schedule must be in the test operator's possession. 

It will be the responsibility of the 

During the 

In addition to the recording of data explicitly called out, such as 

heater voltage and heater current, the test operator must also, on the con- 

ditioning test sheet, zcte zng physical actiort such a s  turning off the diffc- 

sion pump heater or  turning off the cooling water. 

As a general rule, these two things must always be observed. First ,  

whenever the system is not under hard vacuum, all power supplies must be 

disconnected from the main power lines. 

test chambers should be turned on only while the system is under vacuum 

and turned off one half hour after power has been removed from the cathode 

heater 8.  

Second, the cooling water to the 

Procedure 

The system wil l  be assembled first without anodes. Before power is 

applied to the cathodes, the system will be under hard vacuum for 12 to 72 

hours. At some time between a 0800 hour and 0900 hour, of the same day, 

power will  be applied to all cathodes. 

Heater power will first be applied to Position One, and then within a 

few seconds, power w i l l  be applied to Position Two, and so on, until power 

has been applied to each cathode. 

1/2 ampere. 

The power increases will be in steps of 

Heater voltage, heater current, and pressure will be recorded 
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before each power increase. 

particular cathode will  be 15 minutes. 

power increases the pressure rise8 to the 10 

power increases will  be made until the pressure drops into the 

range. 

1075'CB, it will receive no further power increases. 

have reached the indicated temperature range, the cathodes will be held in 

the indicated temperature range for one hour. 'Heater voltage, heater cur- 

rent, pressure and temperature will be recorded before and after the one 

hour period. 

The time between power increases for any 

However, if after the last set of 
-4 mm range, no additional 

torr  

As each cathode reaches a surface temperature between 1050 and 

After all the cathodes 

After the measurements have been taken, the heater powers wil l  be 

decreased in steps of 1 ampere. 

the descent. 

removed, the pressure wil l  be recorded. 

diffusion pump heater will be turned off. 

be turnedoff. (It wil l  be the duty of the test technician to notify maintenance 

that the last two items must be performed by the night watchman. 

cation must be before 1200. 

connecting the nitrogen gas supply to the system after the heater powers have 

been turned off. ) At 0800, the system will  be purged with nitrogen gas and 

opened to the atmosphere. Anodes will be then placed around each cathode. 

At 0930, the system will  be placed under hard vacuum. 

the pressure is below 5 x 

cathodes. 

perature range to be reached wil l  be 1000 to 1025OCB. 

ascent, only pressure will  be recorded, and then at 5 minute intervals. 

No measurements wil l  be recorded during 

One half hour after the heater powers have been completely 

d At 0400 the following morning the 

At 0600 the refrigeration unit wil l  

The notifi- 

The test technician will also be responsible for 

At 1100, and provided 

torr, heater power will be applied to all 

The time between power increases will be 5 minutes. The tem- 

During the power 

- 

The above procedure, unless otherwise noted, will be used for all 

heater power increases or decreases. 
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At the close of the one hour period, and after all measurements have 

been taken, and provided the pressure is in the torr  region, each cathode 

will  be subjected to an emission test. 

with Position One, will'be tested. 

Potential between the cathode and the anode will be in l!j-volt steps. 

voltage drops and their associated emission currents wil l  not be recorded on 

the Conditioning Test data sheets but will be directly plotted on specially pre- 

Only one cathode at a time, starting 

The Regatron power supply will  be used. 

The 

pared graph sheets. 

is reached at which point the voltage will be returned to zero. 

evident that the saturation current has been reached by either a zero 

slope or  a negative 6 - E  
reaches 400 ma or the emission power reaches some power level between 40 

The voltage wi l l  be increased until the saturation current 

(It will be 

k-Eb 
slope. ) However, if either the emission current b 

and 45 watts, the voltage is not to be increased any further but i e  to  be re- 

turned immediately to zero. 

on the order of seconds. 

rents, heater voltages, temperature and pressure will  be recorded. 

The period between voltage increases should be 

After all the cathodes have been tested, heater cur- 

The above procedure, unless otherwise noted, will be used for any 

emission test. 

After the measurements have been recorded, the heater powers will 

The time between power increases will  be 5 minutes. be increased. The 

temperature range to be reached will  be 1050 to 1075"CB. 

ascent, only pressure will  be recorded, and then at  5 minute intervals. 

During the power 

At the close of the one hour period, and after all measurements have 

After all the been taken, each cathode will be subjected to an emission test. 

cathodes have been tested, the diodes will all operate in parallel off of the 

Regatron power supply. 

voltage and the total emission current will  be recorded in the Position One 

column. 

be recorded. 

ing day, heater currents, heater voltages, temperatures, pressure, emis- 

The potential will  be set at 15 volts and both the 

Heater currents, heater voltages, temperatures and pressure will 

At some time between 0800 hours and 0900 hours of the follow- 

sion voltage and emission current w i l l  be recorded. If the emission voltage 
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has changed and after it and the current have been recorded, the voltage 

will  be adjusted to 15 volts and it and the current will  be recorded. 

cathode will  then be subjected to an emission test. 

Each 

be decreased. The time between power decreases will be 5 minutes. During 

the power descent, no measurements will  be. recorded. The temperature 

range to be reached will be 950 to 975'CB. The temperature of each cathode 

must be within 10" of the temperature previously reported for the particular 

cathode in that temperature range. 

At the close of the one hour period, and after all measurements have 

been taken, each cathode will  be subjected to an emission test. 
I 

After all the rneaeuremente have been recorded, the heater powers wil l  

The time between power decreases will  be be decreaeed i;n eteps of 1 ampere. 

2 minutes, One half b u r  after the heater powers have been completely re-  

moved, the preesure will  be recorded and the diffusion pump heater will be 

turned off. One hour after the heater has been turned off, the refrigeration 

system will  be also turned off. After an additional two hours, the system wil l  

be purged with nitrogen gas and opened to the atmosphere. 

be immediately removed and placed in their proper containers. 

wil l  then be placed in a vacuum desiccator. 

The cathodes wili  

The containers 
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